Background. We wanted to quantify the impact that polyparasite infections, including multiple concurrent lowintensity infections, have on anemia.
Iron-deficiency anemia is the most prevalent nutritional deficiency worldwide [1] [2] [3] [4] [5] . More than 90% of affected individuals live in the developing world, where helminth infections are highly prevalent and the parasites are endemic [5] . Helminths are known to be significant contributors to the overall anemia burden in the developing world [6] [7] [8] [9] [10] [11] [12] . The health sequelae associated with anemia are the most pronounced in children and women of reproductive age [3, 13] . In addition to the morbidity in these groups, anemia generates profound physiological and economic costs in the general population [5, 14] . The multiple insults due to helminths in chronically exposed populations are believed to persist throughout the life course. For example, chronically infected children are likely to grow into adults with a reduced physical capacity for work, which ultimately translates into a diminished contribution to national productivity [14] . The negative impact that high-intensity helminth infections have on hemoglobin levels has been convincingly demonstrated through observational and interventional studies of many populations [7, 13, [15] [16] [17] .
Most investigators have examined the relationship between morbidity and helminth infections, with a focus on single-species infection at varying intensities. It is generally thought that low-intensity single-species infections are associated with little, if any, measurable morbidity [18, 19] , and this hypothesis has influenced the treatment and control recommendations of the World Health Organization (WHO) [20] [21] [22] [23] [24] [25] . Epidemiologic studies, however, have shown that polyparasit- a The reference profile was no infection or infection with 1 parasite species at low intensity; polyparasite infection profile I was concurrent infection with 2, 3, or 4 parasite species at low intensity; polyparasite infection profile II was infection with 1 parasite species at moderate/high intensity and all other parasite species present at low intensity or absent; polyparasite infection profile III was concurrent infection with 2 parasite species at moderate/high intensity and all other parasite species present at low intensity or absent; and polyparasite infection profile IV was concurrent infection with 3 or 4 parasite species at moderate/high intensity. ism is the norm in helminth-endemic regions [26] [27] [28] [29] [30] [31] [32] [33] . It is likely that individuals in such places have infections with multiple helminth species at intensities in various combinations, including multiple low-intensity infections. The present emphasis on high-intensity infections is certainly not misplaced, given the evidence of greater morbidity with high-intensity infections [7, 12, 13, [34] [35] [36] . However, the connotation that low-intensity infections have little or no functional significance needs to be reexamined in light of the many areas of the world in which multiple parasites are endemic [26] [27] [28] [29] [30] [31] 37] . Studies specifically designed to understand the functional significance of polyparasite infections in anemia and other morbidities in human populations are lacking. Such epidemiological studies permit the investigation of a question relevant to public health: do individuals concurrently infected with multiple helminth species at low intensity have a measurable risk of developing anemia? The objective of this study was to examine in children the impact that different helminth infection intensity profiles have on anemia. We hypothesized that lowintensity polyparasitism would be associated with increased odds of having anemia and that the odds of having anemia would increase with the number of species present at moderate/ high (M+) intensity.
PARTICIPANTS, MATERIALS, AND METHODS
Study population and design. This cross-sectional study was conducted in rice-farming villages in Leyte, The Philippines. In this region, Schistosomiasis japonicum and intestinal helminths are endemic [36, [38] [39] [40] . The present study involved secondary data analysis and incorporated participants (7-30 years old) derived from 2 studies. These participants were part of a longitudinal treatment and reinfection study focused on the development of immunity to schistosomiasis. By design, the population in the longitudinal study was restricted to individuals with S. japonicum infection. In addition, individuals free of S. japonicum infection were then selected to serve as control subjects in other studies of cognition [41] . The prevalence of S. japonicum infection in persons 7-30 years old in the study area was 60%. The present study was restricted to 632 children р18 years old who provided stool samples and informed consent/child assent. Girls were excluded from the study on the basis of current pregnancy, as determined by urine testing. The study population was further reduced because of missing information on key covariates-namely, hemoglobin level ( ), socioeconomic status ( ), and nutritional n p 67 n p 52 status ( )-resulting in an final study population of 507 n p 6 children. The institutional review boards of Brown University and the Philippine Research Institute of Tropical Medicine approved the study.
Infection intensity. The parasite burden was determined by examination of 3 stool samples from each study participant. Each sample was examined in duplicate for the presence of S. japonicum and 3 soil-transmitted helminths-Trichuris trichiura, Ascaris lumbricoides, and Necator americanus-by the KatoKatz method [42, 43] . The number of parasite-specific eggs per gram of stool (EPG) was used to define infections of low and NOTE. Subprofile categories were based on no. and intensity of infection. Anemia was defined as a hemoglobin level !11 g/dL. L, low intensity; M+, moderate/ high intensity.
M+ intensity in accordance with WHO-established intensity cutoff values for S. japonicum, T. trichiura, and A. lumbricoides infections [7, 24] . The level of worm burden associated with morbidity varies across populations and is dependent on the age, sex, and nutritional iron intake of the person and the species of hookworm present [10, 44, 45] . It is known that, on average, a higher EPG for hookworm corresponds with greater odds of having anemia, and yet the variation in specific EPG cutoff values used to define infection intensity levels across studies is consistent with the premise that the critical EPG for hookworm sufficient to induce anemia is not uniform across populations [1, 10, [46] [47] [48] [49] [50] [51] [52] . Consequently, study-specific EPG distributions have been used to define hookworm intensity, so that the burden of hookworm associated with notable changes in hemoglobin level in the study population is reflected [10, [51] [52] [53] [54] [55] . In the present study, hookworm infections of low and M+ intensity were defined as 1-999 EPG and у1000 EPG, respectively, by use of empirical distributions. The hookworm eggs were identified by polymerase chain reaction (PCR) as being those of N. americanus. Details on the EPG measurement for all parasites have been given elsewhere [41] .
Primary determinant: parasite infection profiles. A parasite infection profile was assigned to each child on the basis of the number of species present and the intensity of the infections. Given 3 possible infection intensities (none, low, or M+) and possible concurrent infection by up to 4 parasites at 1 of 3 intensity levels for each species, there were 81 possible unique categories of polyparasite infection. The infection category conferring the presumed lowest odds of having anemia was no infections, and the infection category conferring the presumed highest odds of having anemia was infection with all 4 species at M+ intensity. A total of 68 of the 81 categories of polyparasite infection were found in the study population.
To facilitate analyses, the 68 categories were collapsed into 12 subprofiles on the basis of the intensity and number of concurrent infections and our a priori hypothesis that being infected with more species at M+ intensity would be associated with increased odds of having anemia. The subprofiles were further collapsed into the following 5 infection profiles corresponding to putatively different risk levels for having anemia: Anemia. Complete hemograms were determined on a Serono Baker 9000 hematological analyzer (Serono Baker Diagnostics). Anemia was defined as a hemoglobin level !11g/dL [2] .
Potential confounding factors. Socioeconomic status (SES), nutritional status, sex, and age were considered to be potential confounding factors of the relationship between parasite infection and anemia. SES was measured through a detailed questionnaire evaluating 4 domains of SES [41] . In the present study, only the summary SES variable, which was calculated using principal components analysis to appropriately weight questionnaire items as described by Filmer and Pritchett [56] , was used. The summary SES score was estimated for 45 (!10%) children with incomplete SES information by assigning to them the average summary SES score for children of the same age and sex in the study population. SES was divided into low, medium, and high categories by tertiles of the distribution of the summary SES score. High SES was the reference group for all analyses.
The
Statistical methods. Statistical analyses were performed using SAS (version 8.0; SAS Institute) and included univariate, bivariate, and multivariate analyses using logistic regression models. Because children from the same household were enrolled in the present study, and because children within families were expected to be similar with respect to infection status and hemoglobin level, all models were specifically adjusted for potential clustering by household [57] [58] [59] . Generalized estimating equation models with exchangeable correlation matrix structures for dichotomous variables were constructed using SAS Proc Genmod (version 8.0; SAS Institute). The multivariate model estimated the odds ratios (ORs) of having anemia for children with polyparasite infection profiles I-IV relative to that for children with the reference profile. To show the range of values consistent with reported OR point estimates, 95% confidence intervals (CIs) were estimated using robust SE estimators. Both bivariate and adjusted ORs were estimated. Goodness of fit was assessed for all multivariate models by use of the Hosmer and Lemeshow goodness-of-fit test [60, 61] . Multivariate models were deemed to have appropriate fit if the null hypothesis of appropriate model fit was not rejected at the a p 0.05 level and if (a conservative cutoff value) for the associated P у . 20 Hosmer-Lemeshow test statistic. The contribution that the polyparasite infection profile made in explaining the variability in anemia was assessed in the multivariate models by use of the likelihood-ratio test (LRT).
In addition, models were made to assess which parasite species conferred the greatest risk of having anemia for each polyparasite infection profile such that adjustment for its intensity in multivariate models significantly (110% change in effect size) attenuated or strengthened the association between the profile and anemia. For each parasite species that was adjusted for, LRTs were conducted for parameter estimates associated with each intensity level, to determine which type of infection was significantly associated with anemia. All analyses were also adjusted for the potential confounding factors described above. 
RESULTS
Univariate and bivariate results. Table 1 describes the sociodemographic characteristics of the study population. Table  2 describes the unique infection categories and the 12 infection subprofiles. Table 3 describes the study population with respect to the final 5 polyparasite infection profiles. The proportion of children with anemia in the study population was nearly 20%, and malnutrition was common (148% of children). The prevalence of infections was high and exceeded 50% for each parasite species. S. japonicum and N. americanus infections occurred most frequently at low intensity. The majority of A. lumbricoides and T. trichiura infections occurred at M+ intensity (table 1) . There were patterns of decreasing mean hemoglobin levels, BMIs, and weight-for-age z scores with increasing intensities of infection and with increasing numbers of concurrent infections (tables 2 and 3). In bivariate analyses (data not shown), the polyparasite infection profiles that included more-severe infections with more parasite species were found to be significantly associated with higher odds of having anemia. Furthermore, a lower SES, male sex, and S. japonicum or N. americanus infection at M+ intensity were associated with higher odds of having anemia. In addition, inverse associations with anemia were found for better nutritional status and older age.
Overall pattern of association. After adjustment for SES, nutritional status, age, and village of residence, a pattern of increasing odds of having anemia was observed with increasing severity in the polyparasite infection profile ( figure 1 and table  4 ). For children concurrently infected with multiple parasite species at low intensity, the odds of having anemia were nearly 5 times higher than they were for children with the reference profile ( ). For children concurrently infected with 1 or P p .05 2 parasites at M+ intensity-that is, those with polyparasite infection profiles II or III-the odds of having anemia were comparable to those for children with concurrent multiple low-intensity infections. The highest odds of having anemia were observed in children concurrently infected with 3 or 4 parasite species at M+ intensity. Nutritional status, sex, and village of residence were significantly and independently associated with having anemia. Reference profile, no infection or infection with 1 parasite species at low intensity; polyparasite infection profile I, concurrent infection with 2, 3, or 4 parasite species at low intensity; polyparasite infection profile II, infection with 1 parasite species at moderate/high (M+) intensity and all other parasite species present at low intensity or absent; polyparasite infection profile III, concurrent infection with 2 parasite species at M+ intensity and all other parasite species present at low intensity or absent; polyparasite infection profile IV, concurrent infection with 3 or 4 parasite species at M+ intensity.
japonicum (model E) infections, in general, resulted in a weakening of the association between the relevant polyparasite infection profile and anemia (table 5) . The association between the polyparasite infection profile and anemia was attenuated by 14%-22% and 20%-50% after adjustment for intensities of N. americanus and S. japonicum infections, respectively. However, increases in the magnitude of the association between the relevant polyparasite infection profile and anemia occurred with adjustment for the intensities of A. lumbricoides (model A) and T. trichiura (model C) infections. Regardless of the specific parasite intensity adjusted for, the association between concurrent multiple low-intensity infections and anemia remained at least marginally significant in multivariate models. Wald tests of variable main effects in logistic regression models indicated that 4 of the polyparasite infection profiles significantly improved the regression models' ability to describe the variance in anemia. For each polyparasite infection profile, (data not shown). P ! .02
DISCUSSION
In our study population, concurrent polyparasite infections were associated with ∼5-8 times higher odds of having anemia, after adjustment for multiple confounding factors and clustering within household units. Of particular interest, even concurrent multiple low-intensity infections were associated with higher odds of having anemia relative to those for children with the reference profile-no infections or 1 low-intensity infection. The results indicate that, for children with concurrent multiple low-intensity infections, the odds of having anemia may be similar to those for children concurrently infected with 1 or 2 parasites at M+ intensity. In addition, we found that S. japonicum, N. americanus, and A. lumbricoides infections play a significant role in the association between the relevant polyparasite infection profile and anemia.
Concurrent multiple parasite infections were found to be the norm in our study population, as was the case in studies published elsewhere [27, 29, 30, 62] . We extended the observations in these studies by constructing profiles of polyparasitism for the present study on the basis of the intensity of each infection. Our data demonstrated that concurrent multiple infections at M+ intensity increased the expected morbidity above that demonstrated for high-intensity single-species infections. Children infected with у3 parasites at M+ intensity had the highest odds of having anemia, which underscores the importance of intensity in determining the extent of morbidity in parasite infections [7, 13, [15] [16] [17] and suggests a dose-response relationship between anemia and cumulative intensities in parasite infections.
The majority of studies suggest that low-intensity singlespecies infections have negligible health consequences [18, 19, 24, 54, 63, 64] . The results of the present study challenge this paradigm for the first time (to our knowledge) and suggest the need for a reexamination of the consensus view that low-intensity infections have little impact on morbidity. This reexamination is important, because concurrent multiple low-intensity infections are common in areas in which multiple parasites are endemic [20] [21] [22] [23] [24] . Globally, several million children could be concurrently infected with multiple helminth species at low intensity [11, 24, 25, 65] . This represents a large population of children that may not be targeted for intervention, especially a The reference profile was no infection or infection with 1 parasite species at low intensity; polyparasite infection profile I was concurrent infection with 2, 3, or 4 parasite species at low intensity; polyparasite infection profile II was infection with 1 parasite species at moderate/high (M+) intensity and all other parasite species present at low intensity or absent; polyparasite infection profile III was concurrent infection with 2 parasite species at M+ intensity and all other parasite species present at low intensity or absent; and polyparasite infection profile IV was concurrent infection with 3 or 4 parasite species at M+ intensity. b Socioeconomic status was included as an ordinal covariate with 3 levels (low, medium, and high).
in the resource-limited settings of developing countries. A publication and research environment that minimizes the importance of low-intensity infections likely encourages the exclusion of these children from interventions that may be beneficial to their health. We indirectly assessed the relative importance of individual species in the observed association between the polyparasite infection profile and anemia by sequentially controlling for the intensity of infection with each species. As we expected, adjustment for the intensity of N. americanus or S. japonicum infection led to significant weakening of the association between the relevant polyparasite infection profile and anemia, suggesting that these species may have the largest effect on anemia. This finding is consistent with those of many other studies demonstrating a causal relationship between these parasites and anemia [10, 13, [65] [66] [67] [68] . Conversely, adjustment for the intensity of A. lumbricoides or T. trichiura infection significantly strengthened the association between the relevant polyparasite infection profile and anemia. We also found that A. lumbricoides infection was associated with anemia, but the direction of the effect appeared to be protective, such that the odds of having anemia decreased significantly with the increasing intensity of the A. lumbricoides infection (data not shown). We did not find T. trichiura infection to be significantly associated with anemia, although other researchers [ 7, [69] [70] [71] [72] [73] [74] [75] have noted an association between hemoglobin level and trichuris dysentery syndrome, a clinical subgroup not defined in the present study. We note that, although the finding of significant odds of having anemia for children with concurrent multiple infections suggests the presence of biologically relevant effect modifications, the analytic method of this study did not provide information about the nature of any interaction between parasite species. The type of interaction between the parasite species and the mechanisms of this interaction is the subject of a separate manuscript in preparation ( The present study had some limitations. The true magnitude of the association between polyparasitism and anemia is likely to have been underestimated, given how the reference profile was defined. Children who were completely free of parasite infections were rare in this population. As a result, the reference group was defined to include children with any low-intensity single-species infection, which made our estimate of effect more conservative. Given the design of the study, we cannot exclude the possibility that anemia predisposes children to concurrent infections with multiple parasite species (reverse causality). However, this direction of causality is unlikely, given the evidence from prospective [76, 77] and randomized [18, 40, 78] clinical trials demonstrating that helminth infections cause anemia. In addition, despite careful control for measured confounding factors, it remains possible that the associations were biased by unmeasured confounding factors or residual confounding on the basis of measured covariates; however, we have no reason to believe that any unmeasured confounding factors would be differentially distributed by polyparasite infection profile and anemia status. Finally, the present study was conducted in the context of a larger study that specifically sampled individuals with S. japonicum infection. It is possible that the sampling scheme of the larger study somewhat limits the generalizability of our findings to this community, because our sampling scheme might have overemphasized the role that S. japonicum plays in the context of polyparasite infection.
In the present study, we examined the relationship between anemia and the more naturally occurring phenomenon of concurrent multiple low-intensity infections, rather than isolated analyses of low-intensity single-species infections. We found that concurrent multiple low-intensity infections conferred an increased risk of having anemia, suggesting that this common pattern of infection is not clinically benign and, thus, should not be ignored. Interventional studies targeting individuals with low-intensity infections are necessary to inform or refute our findings. In the meantime, inclusion of children with low-intensity infections may need to be considered in NOTE. Data are odds ratios (P), unless otherwise indicated. Model A was adjusted for sex, nutritional status, village, socioeconomic status, and age. Models B, C, D, and E were adjusted for all variables in model A in addition to the shown helminth species. All models are clustered by household units. NA, not applicable. a The reference profile was no infection or infection with 1 parasite species at low intensity; polyparasite infection profile I was concurrent infection with 2, 3, or 4 parasite species at low intensity; polyparasite infection profile II was infection with 1 parasite species at moderate/high (M+) intensity and all other parasite species present at low intensity or absent; polyparasite infection profile III was concurrent infection with 2 parasite species at M+ intensity and all other parasite species present at low intensity or absent; and polyparasite infection profile IV was concurrent infection with 3 or 4 parasite species at M+ intensity. b Likelihood ratio tests were used to test the null hypothesis that the specified intensity level had no effect on anemia. The hypothesis was rejected when . P ! .05 c Hosmer and Lemeshow goodness-of-fit test.
helminth-control initiatives in the many regions of the developing world where polyparasitism is the norm.
